Introduction {#Sec1}
============

Cardiac remodeling, including cardiomyocyte hypertrophy, apoptosis and cardiac fibrosis, adversely promotes left ventricular dilation and myocardial stiffness, resulting in advancing stages of heart failure^[@CR1],\ [@CR2]^. Thus, preventing the progression of cardiac remodeling is expected to suppress that of heart failure^[@CR3]^. Moreover, there is evidence that increased fibrosis, rather than cardiac hypertrophy, may be the most significant cause of diastolic dysfunction in hypertrophic cardiac disease^[@CR4],\ [@CR5]^. Cardiac fibrosis is defined as the excessive production and abnormal accumulation of extracellular matrix (ECM) proteins, which can ultimately lead to cardiac structural damage and dysfunction^[@CR3],\ [@CR6],\ [@CR7]^. Studies of cardiac fibrosis in CFs have flourished over the last decade. In the process of cardiac fibrosis, complex molecular mechanisms play critical roles in regulating cardiac fibroblast activation and ECM deposition^[@CR8],\ [@CR9]^. However, therapies based on these mechanisms still cannot effectively prevent cardiac fibrosis. A better understanding of the mechanisms for the functional decompensation of cardiac fibrosis is essential to the development of effective preventative measures and therapies^[@CR9],\ [@CR10]^.

BNIP3L/Nix is a nearly ubiquitous member of the Bcl-2 family that is expressed at very low levels in normal hearts but was originally described a s a transcriptionally up-regulated gene in hemodynamic overload and cardiac-specific Gq-overexpressing mice^[@CR11]--[@CR14]^. BNIP3L transcription was also found to be increased by phenylephrine but not by isoproterenol, angiotensin II, or hypoxia in cardiomyocytes. *In vivo*, BNIP3L was found to participate in the progression of heart failure in adult rats with TAC using specifically ablation in cardiomyocytes (KO) and conditionally overexpressed it in the heart^[@CR15]--[@CR17]^. The group of G. Dorn demonstrated that cardiomyocyte-specific BNIP3L knockout mice after TAC had less TUNEL positivity and caspase 3 and PARP cleavage. Also, late fibrotic replacement of dead cardiac myocytes was also reduced^[@CR17]^. These results indicated apoptotic cell death of cardiomyocytes induced by BNIP3L indirectly leads to increased fibrosis, but the direct effect of BNIP3L on CFs remains unknown.

In the present study, the cellular distribution of BNIP3L during pressure overload -inducedcardiac remodeling was detected. We found that BNIP3L expression is not only upregulated in cardiac myocytes, but also significantly up-regulated in CFs. Subsequent studies have confirmed that BNIP3L expression increased in cultured neonatal CFs that was induced by NE. Moreover, BNIP3L was up-regulated by the NE-adrenoceptor (AR)-PKC pathway in CFs. To investigate the direct role and molecular mechanisms of BNIP3L in CFs, we used the transfection of plasmid DNA and siRNA of BNIP3L. Our results support a critical role for BNIP3L in CFs to regulate cell proliferation and ECM expression through the \[Ca^2+^\]~i~-TGF-β-Smad2/3 pathway. *In vitro* studies have indicated that intracellular Ca^2+^ signaling is an important second messenger of the TGF-β signal transduction pathway^[@CR18],\ [@CR19]^. A large body of evidence suggests that the development of cardiac fibrosis is controlled by a regulatory network involving TGF-β and Smad2/3^[@CR20],\ [@CR21]^. Together, these data suggest an important role and molecular mechanism for BNIP3L in CFs during pressure overload-induced heart failure.

Results {#Sec2}
=======

BNIP3L expression increases during the development of pressure overload-induced cardiac fibrosis {#Sec3}
------------------------------------------------------------------------------------------------

Hypertension is one of the most common causes of cardiac remodeling and dysfunction, which eventually leads to heart failure^[@CR22]^. To explore the impact of pressure overload on the heart, a microsurgical approach was used to induce hypertension by pressure overload following AAC. Compared with the control and sham, the blood pressure of the AAC rats increased after 2 week and remained high for 8 weeks, indicating that these rats were subjected to long-term pressure overload (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}). Echocardiographic assessment showed that the left ventricular (LV) mass increased after 4 weeks of AAC and the ejection fraction and fractional shortening decreased after 6 weeks of AAC (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). Therefore, these results demonstrate that AAC-induced hypertension leads to heart failure.

To explore the changes in BNIP3L expression during heart failure, we detected its expression levels by western blot and found that they were dramatically increased after 4 weeks of AAC (Fig. [1a,b](#Fig1){ref-type="fig"}). The heart weight to body weight ratios of the AAC rats increased after 4 weeks (Supplementary Fig. [S1b](#MOESM1){ref-type="media"}). The gross morphology of the whole hearts of the AAC rats showed more pronounced myocardial enlargement (Supplementary Fig. [S1c](#MOESM1){ref-type="media"}).The cross sectional area of cardiomyocytes were also increased after 4 weeks of AAC (Supplementary Fig. [S1d](#MOESM1){ref-type="media"}). In addition, hematoxylin and eosin staining demonstrated that the muscle fibers were significantly thicker (Fig. [1c,d](#Fig1){ref-type="fig"}). Apoptosis and fibrosis have been shown to be major pathological events in the development of pressure overload-induced heart failure^[@CR23]^. TUNEL assays revealed an increased number of TUNEL-positive cardiac myocytes in sections from rats following 6 and 8 weeks of AAC (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Western blot analysis revealed that the expression of fibronectin, an important extracellular matrix (ECM) protein, was markedly increased in the AAC rats after 4 weeks (Fig. [1e,f](#Fig1){ref-type="fig"}). Furthermore, Masson's trichrome staining of the heart sections demonstrated a marked increase in collagen accumulation in the AAC rats after 4 weeks (Fig. [1g,h](#Fig1){ref-type="fig"}). Therefore, these results demonstrate a clear relationship between BNIP3L expression and cardiac hypertrophy, apoptosis and cardiac fibrosis during pressure overload-induced heart failure.Figure 1BNIP3L expression is consistent with myocardial hypertrophy and fibrosis *in vivo*. The rats were subjected to abdominal aortic constriction (AAC) surgery. (**a**) Western blot analysis showing the effects of pressure overload on BNIP3L expression. (**b**) Densitometric analysis of blots for determining BNIP3L normalized to GAPDH. (**c**) Representative histological images with hematoxylin and eosin staining of heart sections. (**d**) Quantification of muscle fiber thickness from hematoxylin and eosin staining of heart sections. (**e**) Western blot analysis showing the effects of pressure overload on fibronectin expression. (**f**) Densitometric analysis of blots for determining fibronectin normalized to GAPDH. (**g**) Masson's trichrome staining showing the effects of pressure overload on fibrotic lesions. (**h**) Mean values of the ratio of collagen surface area to the myocardial surface area expressed as percentage of fibrosis. Data shown are mean ± SD, \*P ≤ 0.05 vs. Control and sham, n = 8.

BNIP3L is located not only in cardiomyocytes but also in CFs {#Sec4}
------------------------------------------------------------

Previous studies about the role of BNIP3L focused on cardiomyocyte apoptosis. To a better understanding of the function of BNIP3L in hypertensive heart disease, we detected the cellular distribution of BNIP3L in the heart sections by immunohistochemistry. Compared with the sham rat hearts, the number of cells in the interstitium of the AAC rats increased. Moreover, BNIP3L was not only up-regulated in cardiomyocytes but also significantly in interstitial cells (Fig. [2a](#Fig2){ref-type="fig"}). Furthermore, we determined the relationship between BNIP3L and CFs by immunofluorescence. We found that BNIP3L co-locates with DDR2, a cardiac fibroblast-specific protein (Fig. [2b](#Fig2){ref-type="fig"}), indicating that it is significantly up-regulated in the CFs during pressure overload-induced cardiac remodeling.Figure 2BNIP3L is up-regulated in CFs during pressure overload-induced cardiac remodeling. (**a**) Immunohistochemistry showing the cellular distribution of BNIP3L. (**b**) Immunofluorescence showing the co-localization of BNIP3L and DDR2.

BNIP3L expression increases in NE-induced CFs *in vitro* {#Sec5}
--------------------------------------------------------

To confirm the relationship between BNIP3L expression and fibrosis, CFs were isolated from the left ventricles of neonatal rats. During hypertension, the secretion of norepinephrine (NE) increased (Supplementary Fig. [S4](#MOESM1){ref-type="media"}). To determine the effects of NE on fibrosis, the neonatal rat CFs were incubated with 10^−6^--10^−4^ mol/l NE for 24 hour or 10^−5^ mol/l NE for the indicated times. Flow cytometry analysis showed no significant increase of cell apoptosis in the NE-induced CFs (Supplementary Fig. [S5](#MOESM1){ref-type="media"}). However, compared with the parental controls, the MTT assay showed a significant increase in the cell proliferation rate in a dose and time-dependent manner (Fig. [3b](#Fig3){ref-type="fig"} and Supplementary Fig. [S6a](#MOESM1){ref-type="media"}). To identify a potential mechanism for this NE-induced cell proliferation, the cell cycle distribution was assessed using flow cytometry, which showed that the percentage of cells in the DNA synthesis phase (S phase) significantly increased (Fig. [3c](#Fig3){ref-type="fig"} and Supplementary Fig. [S6b](#MOESM1){ref-type="media"}). Fibronectin and collagen, the important extracellular matrix (ECM) component, were also increased in the NE-induced CFs (Fig. [3a](#Fig3){ref-type="fig"} and Supplementary Fig. [S6c](#MOESM1){ref-type="media"}). Furthermore, western blot showed that NE had a stimulatory effect on BNIP3L expression in CFs in a dose and time-dependent manner (Fig. [3d](#Fig3){ref-type="fig"} and Supplementary Fig. [S6d](#MOESM1){ref-type="media"}). These results indicate that BNIP3L expression is closely related to CFs proliferation and ECM protein expression.Figure 3The effects of NE on cell fibrosis and BNIP3L expression in CFs. Neonatal rat CFs were treated with different concentrations of NE for the indicated times. (**a**) Western blot analysis showing NE-induced fibronectin and collagen I expression. (**b**) Proliferation was measured using the MTT assay. (**c**) Cells were stained with PI and examined by FACS. The data were analyzed using the ModFit program. (**d**) Western blot analysis showing NE- induced BNIP3L expression. Each experiment repeated three times. Data shown are mean ± SD, \*P \< 0.05 vs. Control.

BNIP3L promotes cell proliferation and ECM protein over-expression in CFs {#Sec6}
-------------------------------------------------------------------------

The neonatal rat CFs were transfected with the BNIP3L and BNIP3L-siRNA adenoviruses. After transfection, cells were collected for the analysis of BNIP3L expression by western blot. The results showed that the adenoviruses of BNIP3L and BNIP3L-siRNA increased and suppressed BNIP3L expression, respectively (Fig. [4a](#Fig4){ref-type="fig"}). We detected fibronectin and collagen expression to assess the effect of BNIP3L on ECM accumulation. There was a significant increase and decrease in fibronectin and collagen expression after the transfection of the BNIP3L and BNIP3L-siRNA adenoviruses, respectively (Fig. [4b](#Fig4){ref-type="fig"}). Compared with the controls, the MTT assay showed that the over-expression of BNIP3L significantly induced cell proliferation. In contrast, cell proliferation decreased when BNIP3L expression was knocked down by BNIP3L-siRNA (Fig. [4c](#Fig4){ref-type="fig"}). Additionally, we found that BNIP3L had the same effect on the cell cycle distribution as the cell proliferation, which was analyzed by flow cytometry (Fig. [4d](#Fig4){ref-type="fig"}). These results indicate that BNIP3L significantly regulates ECM protein expression and also affects the cell proliferation of CFs.Figure 4The roles of BNIP3L in CFs. Neonatal rat CFs were transfected with the BNIP3L and BNIP3L-siRNA adenoviruses. (**a**) Western blot analysis showing the effects of the adenoviruses on BNIP3L expression. (**b**) Western blot analysis showing the effects of BNIP3L on fibronectin and collagen I expression. (**c**) Proliferation was measured using the MTT assay. (**d**) Cell cycle stage was determined by FACS, and the data were analyzed using the ModFit program. Each experiment repeated three times. Data shown are mean ± SD, \*P \< 0.05 vs. Control.

Chronic exposure to NE is associated with cardiac fibroblast proliferation and collagen secretion, which contributes to the pathophysiology of fibrosis^[@CR24]^. To evaluate the effects of BNIP3L on NE-induced fibrosis, the transfected neonatal rat CFs were treated with NE. The results showed that the BNIP3L-siRNA and BNIP3L adenoviruses respectively suppressed and increased NE-induced BNIP3L expression (Fig. [5a](#Fig5){ref-type="fig"}). Compared with the NE group, flow cytometry analysis showed a significant decrease and increase in the percentages of cells in the DNA synthesis phase after transfection with the BNIP3L-siRNA and BNIP3L adenoviruses, respectively (Fig. [5c](#Fig5){ref-type="fig"}), and the same effects were observed for the cell proliferation rate using the MTT assay (Fig. [5b](#Fig5){ref-type="fig"}). Additionally, NE had a stimulatory effect on fibronectin and collagen expression, which decreased following the transfection of BNIP3L-siRNA (Fig. [5d](#Fig5){ref-type="fig"}). In contrast, the over-expression of BNIP3L aggravated NE-induced fibronectin and collagen expression (Fig. [5e](#Fig5){ref-type="fig"}). These results indicate that BNIP3L had significant effects on NE-induced cell proliferation and ECM protein expression.Figure 5The roles of BNIP3L in NE-treated CFs. Neonatal rat CFs were treated with NE after transfection with the BNIP3L and BNIP3L-siRNA adenoviruses. (**a**) Western blot analysis showing the effects of the transfection on NE-induced BNIP3L expression. (**b**) Proliferation was measured using the MTT assay. (**c**) Cell cycle stage was determined by FACS, and the data were analyzed using the ModFit program. (**d,e**) Western blot analysis showing the effects of BNIP3L on fibronectin and collagen I expression. Each experiment repeated three times. Data shown are mean ± SD, \*P \< 0.05 vs. Control, ^**\#**^P \< 0.05 vs. NE.

BNIP3L promotes cardiac fibrosis through the \[Ca^2+^\]~i~-TGF-β-Smad2/3 pathway {#Sec7}
--------------------------------------------------------------------------------

Transforming growth factor-β (TGF-β) has been long considered to be a key mediator of fibrosis. To investigate whether NE or BNIP3L regulate the classical fibrosis TGF-β/Smad signaling pathway, TGF-β expression was analyzed by western blotting. We found that TGF-β expression decreased following exposure to Ad-BNIP3L-siRNA and increased following exposure to Ad-BNIP3L in neonatal rat CFs (Fig. [6a,b](#Fig6){ref-type="fig"}). TGF-β is involved in ECM component synthesis via Smad phosphorylation and nuclear translocation in various cells. BNIP3L overexpression induced the nuclear accumulation of Smad2/3, which is a major intracellular mediator of TGF-β signaling (Fig. [6e](#Fig6){ref-type="fig"}). We found that NE is able to activate the TGF-β signaling pathway by increasing TGF-β protein expression and inducing the nuclear accumulation of Smad2/3 (Fig. [6a,b,d,e](#Fig6){ref-type="fig"}). The increased TGF-β expression and Smad2/3 nuclear accumulation that are induced by NE were attenuated by Ad-BNIP3L-siRNA but aggravated by Ad-BNIP3L (Fig. [6a,b,d,e](#Fig6){ref-type="fig"}). These results indicate that BNIP3L regulates the activation of the TGF-β/Smad signaling pathway. But, Western blot showed no significant change of BNIP3L expression by TGF-β-siRNA (Fig. [6c](#Fig6){ref-type="fig"}). To further confirm that BNIP3L is involved in NE-induced fibrosis through the regulation of the TGF-β signaling pathway, the cells were co-transfected with pcDNA3-BNIP3L and TGF-β-siRNA. We found that TGF-β-siRNA attenuated NE- and BNIP3L-induced fibronectin expression (Fig. [6f,g](#Fig6){ref-type="fig"}), Taken together, BNIP3L promote fibrosis via the TGF-β-Smad signaling pathway.Figure 6BNIP3L plays an important role in fibrosis via the TGF-β/Smad signaling pathway. Neonatal rat CFs were transfected with the BNIP3L and BNIP3L-siRNA adenoviruses or were treated with NE after the transfection. (**a,b**) Western blot analysis showing the effects of the adenoviruses on the expression of TGF-β (\*P \< 0.05 vs. Control, ^\#^P \< 0.05 vs. NE). (**c**) Western blot analysis showing the effects of TGF-β-siRNA on the expression of BNIP3L. (**d,e**) Immunofluorescence images demonstrating the nuclear accumulation of Smad2/3. (**f,i**) Western blot analysis showing the effects of NE, pcDNA3-BNIP3L and TGF-β-siRNA on the TGF-β and fibronectin protein levels (\*P \< 0.05 vs. NE, ^**\#**^P \< 0.05 vs. BNIP3L). Each experiment repeated three times.

*In vitro* studies have indicated that intracellular Ca^2+^ is an important second messenger in the TGF-β signal transduction pathway. We speculated that BNIP3L regulated the TGF-β/Smad signaling pathway via Ca^2+^ signaling. To determine whether NE or BNIP3L induces changes in intracellular Ca^2+^, the transfected and NE-treated neonatal rat CFs were collected for Ca^2+^ analyses using Fura Red and their intracellular Ca^2+^ levels were determined by flow cytometry. Compared with controls, the Fura Red ratios significantly decreased and increased after transfection with the BNIP3L-siRNA and BNIP3L adenoviruses, respectively (Fig. [7a,b](#Fig7){ref-type="fig"}). Treatment with NE caused marked intracellular Ca^2+^ changes. When the neonatal rat CFs were transfected with the adenoviruses expressing BNIP3L (Ad-BNIP3L) and then treated with NE, BNIP3L over-expression aggravated the increase in intracellular Ca^2+^ that is normally induced by NE (Fig. [7b](#Fig7){ref-type="fig"}). When BNIP3L expression was inhibited by the specific siRNA (Ad-BNIP3L-siRNA), the NE-induced intracellular Ca^2+^ imbalance was attenuated (Fig. [7a](#Fig7){ref-type="fig"}). These data indicate that BNIP3L expression significantly affects the intracellular Ca^2+^.Figure 7BNIP3L regulates Ca^2+^ in CFs. Neonatal rat CFs were loaded with Fura Red and analyzed by flow cytometry. Data are reported as fluorescence intensities. (**a**) The BNIP3L-siRNA transfected or NE-induced cells were loaded with Fura Red and analyzed as above (\*P \< 0.05 vs. Control, ^**\#**^P \< 0.05 vs. NE.). (**b**) The adenoviruses of BNIP3L-transfected or NE-induced cells were loaded with Fura Red and and analyzed as above (\*P \< 0.05 vs. Control, ^**\#**^P \< 0.05 vs. NE). (**c**) Co-immunoprecipitation showed the interaction of InsP~3~R with Bcl-X~L~ and BNIP3L when the cells were transfected with pcDNA3-BNIP3L (\*P \< 0.05 vs. pcDNA3). (**d**) Co-immunoprecipitation showed the interaction of Bcl-X~L~ with InsP~3~R and BNIP3L when the cells were transfected with pcDNA3-BNIP3L (\*P \< 0.05 vs. pcDNA3). Each experiment repeated three times. Data shown are mean ± SD.

Inositol 1,4,5-trisphosphate receptor (InsP3R) is a Ca^2+^ release channel. Co-immunoprecipitation showed that overexpression of BNIP3L inhibited the binding of Bcl-X~L~ to InsP~3~R, but no direct interaction was observed between BNIP3L and InsP~3~R (Fig. [7c,d](#Fig7){ref-type="fig"}). Moreover, we found that BNIP3L interacted with Bcl-X~L~, which was detected using co-immunoprecipitation (Fig. [7d](#Fig7){ref-type="fig"}). These results demonstrated that BNIP3L regulates intracellular Ca^2+^ by interacting with Bcl-X~L~ and inhibiting the binding of Bcl-X~L~ to InsP~3~R.

BNIP3L is up-regulated through the AR-PKC pathway in pressure overload-induced cardiac fibrosis {#Sec8}
-----------------------------------------------------------------------------------------------

To further elucidate the mechanism of up-regulation of BNIP3L in CFs, we attempted to identify the potential regulator of BNIP3L. The AAC rats were treated with the α-adrenoceptor antagonist doxazosin (DOX) or β-adrenoceptor antagonist metoprolol (MET) for 6 weeks following 2 weeks of AAC. We found that doxazosin and metoprolol were able to attenuate AAC-induced BNIP3L expression, which is consistent with PKC activation (Fig. [8a](#Fig8){ref-type="fig"}). To verify the role of PKC in CFs in NE-induced BNIP3L expression, the neonatal rat CFs were pretreated with or without the α-adrenoceptor antagonist phenoxybenzamine (PHE), the β-adrenoceptor antagonist propranolol (PRO) and the PKC inhibitor bisindolylmaleimide I (BIM) for 30 min prior to NE (10 µM) treatment. Western blot analysis showed that PHE, PRO and BIM were all capable of attenuating NE-induced BNIP3L expression (Fig. [8b](#Fig8){ref-type="fig"}), indicating that pressure overload induces BNIP3L expression via the NE-AR-PKC signaling pathway.Figure 8BNIP3L expression was up-regulated by the NE-AR-PKC signaling pathway. (**a**) Western blot analysis showing the effects of doxazosin (DOX) and metoprolol (MET) on AAC-induced BNIP3L. (**b**) Western blot analysis showing the effects of propranolol (PRO), phenoxybenzamine (PHE) and bisindolylmaleimide I (BIM) on NE-induced BNIP3L expression. (**c**) Western blot analysis showing the effects of DOX and MET on AAC-induced fibronectin expression. (**d**) Masson's trichrome staining showing the effects of DOX and MET on AAC-induced cardiac fibrosis (\*P \< 0.05 vs. sham, ^**\#**^P \< 0.05 vs. AAC). (**e**) Echocardiographic assessment showing the effects of DOX and MET on AAC-induced cardiac dysfunction (n = 8, \*P \< 0.05 vs. sham, ^**\#**^P \< 0.05 vs. AAC).

Moreover, the inhibition of BNIP3L expression with doxazosin or metoprolol attenuated AAC-induced fibronectin expression *in vivo* (Fig. [8c](#Fig8){ref-type="fig"}). Masson's trichrome staining on the heart sections demonstrated that the inhibition of BNIP3L expression also attenuated AAC-induced cardiac fibrosis (Fig. [8d](#Fig8){ref-type="fig"}). Furthermore, echocardiographic assessment showed that AAC-induced increase in left ventricular (LV) mass and reduction in ejection fraction and fractional shortening were all attenuated by the inhibition of BNIP3L expression, indicating that the inhibition of BNIP3L expression attenuated AAC-induced cardiac dysfunction (Fig. [8e](#Fig8){ref-type="fig"}). These results provide evidence that Inhibition of BNIP3L expression could suppress the development of pathological cardiac remodeling through regulating cardiac fibrosis.

Discussion {#Sec9}
==========

Cardiac remodeling after long-term pressure overload results in ventricular dysfunction and heart failure and is considered to be a key determinant of clinical outcome in heart disease^[@CR3],\ [@CR23]^. Pathological remodeling involves not only the reactivation of cardiomyocyte death but also CFs proliferation and ECM expression. BNIP3L has been recently shown to be highly transcriptionally up-regulated in Gq-mediated and pressure overload-induced cardiac hypertrophy, including human hypertensive heart disease, and thus, considerable efforts have been made towards elucidating its role in maintaining cardiac function^[@CR12],\ [@CR13],\ [@CR16]^. Previous studies have demonstrated that BNIP3L induced cardiomyocyte death and participates in the process of cardiac remodeling^[@CR12],\ [@CR13]^, while it was supposed that apoptotic cell death of cardiomyocytes induced by BNIP3L indirectly leads to increased fibrosis^[@CR17]^. The direct effects of BNIP3L on fibrosis in CFs remain still unknown.

First, we explored the cellular distribution of BNIP3L in the heart tissue, contributing to a deeper understanding for its function in hypertensive heart disease. Cardiac myocytes and fibroblasts are highly interspersed in the myocardium, with one cardiac myocytes being surrounded by one or more CFs^[@CR25]^. The fibroblasts are the principal ECM producers, and play central roles in fibrogenesis and myocardial remodeling in heart failure^[@CR26]^. Besides the increase of BNIP3L in cardiomyocytes during pressure overload-induced heart failure, our findings showed that BNIP3L significantly increased in CFs during pressure overload-induced heart failure *in vivo* and NE-induced fibrosis model *in vitro*. Also, immunolocalization experiments showed that BNIP3L co-localized with DDR2 (a cardiac fibroblast-specific protein). These results provided the first evidence that the location of BNIP3L was not only in cardiac myocytes, but also in CFs during pressure overload-induced heart failure, which indicated that the role of BNIP3L in CFs was necessary for the study about the fibrosis in heart failure.

Previous studies have focused on the role of BNIP3L in cardiomyocytes. Cardiomyocyte-specific ablation or overexpressed of BNIP3L indicated that BNIP3L induces cardiomyocyte death and indirectly leads to increased fibrosis^[@CR12],\ [@CR17]^. CFs, the predominant secretory cells producing ECM proteins, are important targets of NE and key mediators of cardiac fibrosis^[@CR26]^. Here, we found that BNIP3L has significant effects on the cell proliferation rate, cell cycle distribution, collagen and fibronection expression in CFs by regulating BNIP3L expression. Fibronectin is important for the assembly of a collagen matrix *in vitro*. Its continuous presence also supports matrix integrity, both *in vitro* and *in vivo*. It modulates the amount of growth factors in the matric and their release from it^[@CR26],\ [@CR27]^ and further regulates cell proliferation and cell cycle progression^[@CR28]^. Additionally, *in vivo*, the inhibition of BNIP3L expression with DOX or MET attenuated AAC-induced ECM protein expression and collagen production, which further indicates that BNIP3L has pro-fibrotic activities during hypertension. Our study suggested that BNIP3L was responsible for fibroblasts proliferation and ECM production, which provide the first evidence that BNIP3L plays the direct role in CFs in cardiac fibrosis. This could explain that pressure overload-induced cardiac dysfunction incompletely suppressed by cardiomyocyte specific ablation of BNIP3L^[@CR17]^, which may be due to the upregulation of BNIP3L in CFs to promote fibrosis.

Further, we found a significant increase in the TGF-β level and Smad activation in response to BNIP3L over-expression. Many studies have reported that TGF-β signaling plays an important role in promoting ECM synthesis and fibrosis in the pressure-overloaded mouse heart^[@CR29],\ [@CR30]^. The classical Smads, NF-kB and MAPKs signaling pathways have been implicated in the pro-fibrogenic effects of TGF-β^[@CR31]--[@CR33]^. TGF-β signals bind to the membrane-bound type I and II TGF-β receptors to activate these receptors, leading to the phosphorylation of the downstream signaling molecules Smad2 and Smad3. Activated Smad2/3 bind to Smad4 and translocate to the nucleus^[@CR30],\ [@CR34]^. The Smad2/3/4 complex binds to response elements in the promoter regions of the ECM genes and activates pro-fibrogenic factors by up-regulating gene transcription^[@CR30]^. The decrease in TGF-β expression and Smad activation were consistent with the knock-down of BNIP3L, which suggests that BNIP3L is an important regulator protein in these processes. According to our observations, NE and BNIP3L induced fibronectin expression, which can be attenuated by TGF-β-siRNA. This raises the possibility that BNIP3L induces fibrosis and exacerbates NE-induced fibrosis through the regulation of the TGF-β/Smad pathway.

How does BNIP3L regulate TGF-β/Smad pathway? Recent studies have demonstrated that Ca^2+^ signaling is essential for fibroblast proliferation, differentiation and ECM-protein production^[@CR35]^. *In vitro* studies showed Ca^2+^ is an important second messenger of the TGF-β signal transduction pathway^[@CR19]^. It has been reported that CaMKII inhibitors inhibit the excretion of TGF-β. The calcium channel blocker efonidipine elicits inhibitory effects on TGF-β and Smad2-dependent protein synthesis. We found that the intracellular Ca^2+^ level was affected by the regulation of BNIP3L expression in neonatal rat CFs, which suggest BNIP3L regulates TGF-β/Smad to promote the development of fibrosis by affecting intracellular Ca^2+^ levels. However, the precise manner by which BNIP3L increases the Ca^2+^ level is not yet known. It has been reported that BNIP3L interacts with Bcl-2 and Bcl-X~L~. Bcl-X~L~ is a direct effector of InsP~3~R, resulting in the increased sensitivity of InsP~3~R and enabling Ca^2+^ release from the ER that is more sensitively coupled to extracellular signals. The BH3-only protein tBid inhibits the binding of Bcl-X~L~ to InsP~3~R and antagonizes the effects of Bcl-X~L~ on InsP~3~R channel activity^[@CR36]^. We found that BNIP3L interacts with Bcl-X~L~ in neonatal rat CFs. Overexpression of BNIP3L inhibited the binding of Bcl-X~L~ to InsP~3~R. These results demonstrated that BNIP3L regulates intracellular Ca^2+^ by interacting with Bcl-X~L~ and inhibiting the binding of Bcl-X~L~ to InsP~3~R to antagonise the effects of Bcl-X~L~ on InsP~3~R channel activity. It has been reported that TRPC3-mediated local Ca^2+^ influx specifically encodes signals to induce cardiac fibrosis during pressure overload induced cardiac remodeling^[@CR37],\ [@CR38]^. Also, the TRPC-mediated Ca^2+^ influx is located downstream of InsP~3~R-mediated Ca^2+^ signaling pathway. Future work focusing on the relationship between BNIP3L and TRPC3-mediated Ca^2+^ influx will be required.

The molecular mechanisms of BNIP3L induction have previously been elucidated. BNIP3L is up-regulated by stimuli that are associated with cardiomyocyte hypertrophy, such as phenylephrine application, Gq overexpression and pressure overload, but not isoproterenol, angiotensin II or hypoxia^[@CR11]^. PKC is a common pathway of phenylephrine application, Gq overexpression and pressure overload and shown to be sufficient for the induction of BNIP3L promoter activity in cultured NRCMs. The signaling events leading to increased BNIP3L expression involves the activation of PKC and the induction of Sp1 and its binding to GC-box motifs in the BNIP3L promoter^[@CR11]^. As is well known, NE binds to specific adrenoceptor on the cell membrane to induce PKC activation. Our findings extend these data and demonstrate that AAC induces BNIP3L expression via the NE-AR-PKC signaling pathway in CFs.

Taken together, our findings demonstrated that the increase of BNIP3L expression is induced by the PKC signaling pathway, which is activated by the specific binding of NE to α- or β-AR, during pressure overload-induced heart failure. Subsequently, BNIP3L interacts with Bcl-X~L~ and inhibits the binding of Bcl-X~L~ to InsP~3~R, resulting in the increased sensitivity of InsP~3~R and enabling Ca^2+^ release from the ER. The Ca^2+^ signals activate the TGF-β/Smad signaling pathway to promote cardiac fibroblast proliferation and ECM protein expression to participate in cardiac fibrosis. This study suggests a potential link between BNIP3L and cardiac fibrosis in CFs, which may improve our understanding of the molecular mechanisms that are involved in pressure overload-induced heart failure. Further exploration of the unknown functions of BNIP3L and the related signaling mechanisms of fibrosis may provide new insights into future therapeutic targets for heart failure.

Materials and Methods {#Sec10}
=====================

Experimental animals {#Sec11}
--------------------

All animal experimental procedures were conducted in accordance with the Guide for Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). The protocol was approved by the committee on the Ethics of Animal Experiments of the Beijing Institute of Basic Medical Sciences (Permit Number: 2012-D-3096).

Male Wistar rats weighing 180--200 g (6--8 weeks) were randomly divided into the following groups: control, sham operation and operation. The operation group was subjected to abdominal aortal constriction (AAC) with a 7-gauge syringe needle under anaesthesia with sodium pentobarbital, the sham operation group was treated as previously described, and the control group did not receive any treatment. The rats were sacrificed 2, 4, 6 and 8 weeks after the operations under anaesthesia.

Two weeks after the surgeries, the rats that received the AAC operation were randomized and treated with an α-adrenergic blockade with oral doxazosin (10 mg/kg per day), β-adrenergic blockade with oral metoprolol (20 mg/kg per day), or vehicle for 6 weeks. The rats were sacrificed 8 weeks after the operation under anaesthesia.

Echocardiography and blood pressure analysis {#Sec12}
--------------------------------------------

The rats were anestheNtized by isoflurane and O~2~ inhalation. Echocardiographic measurements were conducted with a high-resolution echocardiography analysis system for small animals (Vevo770, Visual Sonics, Canada). A 2-dimensional short-axis view and M-mode tracings of the left ventricle (LV) were obtained with a 17.5-MHz RMV-716 transducer. Blood pressure measurements were conducted using carotid artery intubation with a MP150 polygraph (BIOPAC, USA).

Histology {#Sec13}
---------

Heart tissues were fixed in 4% paraformaldehyde at 4 °C overnight, embedded in paraffin and sectioned at 5 μm. The sections were stained with hematoxylin/eosin to assess myocardial hypertrophy and with Masson's trichrome staining to detect fibrosis. Myocardial cell apoptosis analyses were conducted with the *In Situ* Apoptosis Detection Kit IV (Boster, Wuhan). The heart sections were stained with an anti-BNIP3L antibody (Abcam) overnight at 4 °C and then with the appropriate secondary antibody for 1 h at 37 °C. The nuclei were stained with hematoxylin.

Cell culture {#Sec14}
------------

Neonatal rat CFs were isolated from the left ventricles of 1--2-day-old Wistar rats as previously described^[@CR39]^. The identities of the CFs were confirmed by immunostaining for DDR2.

Western blot analysis {#Sec15}
---------------------

Immunoblotting analysis was performed as already described elsewhere^[@CR40]--[@CR42]^. Briefly, the proteins from hearts or cell lysates were homogenized in RIPA buffer (Sigma-Aldrich) containing phosphatase inhibitor (Phos-STOP, Roche) and protease inhibitor (Complete Mini EDTA-free, Roche). Equal amounts of proteins (50 mg) underwent SDS-polyacrylamide gel electrophoresis (PAGE) and were transferred to polyvinylidene difluoride membranes. Membranes were incubated with primary antibodies (anti-BNIP3L, anti-fibronectin anti-InsP3R: Santa Cruz; anti-TGF-β, anti-smad2/3, anti-Bcl-XL: CST; anti-collagen I: abcam, anti-PKCα and anti-p-PKCα: abcam) and then probed with horseradish peroxidase conjugated secondary antibodies. Blots were visualized with the use of SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo Scientific, USA) and images were captured with an ImageQuant LAS 4000 (GE,USA). The densities of bands were quantified by use of Image-Quant TL software (GE Healthcare).

MTT assay {#Sec16}
---------

Cell viability was determined using the MTT assay (Sigma-Aldrich, St. Louis, MO). The cells were seeded onto a 96-well plate (5,000 cells/well, 100 µl total volume) overnight. Then, cells were treated with the processing mode. After treatment, 10 µl of the MTT stock solution (5 mg/ml) was added to each well, and the cells were incubated at 5% CO~2~ and 37 °C for 4 h. Finally, the media was removed, 100 µl DMSO was added to each well and incubated at room temperature for 15 min. The absorbance was measured at 490 nm with a microplate reader. All experiments were performed in eight wells and repeated three times.

Flow cytometry {#Sec17}
--------------

For the apoptosis assays, annexin V staining was performed using the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, CA, USA) according to the manufacturer's recommendations. The samples were examined by flow cytometry (FACS Calibur, BD, USA), and the data were analyzed with CELLQuest software (FACS Calibur, BD, USA).

For the cell cycle assays, following incubation, the cells were harvested, washed three times with PBS, centrifuged and fixed with 70% anhydrous ethanol overnight at 4 °C. They were then incubated with RNAase for 30 min and stained with PI for 15 min at 37 °C in the dark. The samples were examined by flow cytometry (FACS Calibur, BD, USA), and the data were analyzed with ModFit LT software (FACS Calibur, BD, USA).

Adenoviral infection studies {#Sec18}
----------------------------

The pcDNA3-BNIP3L plasmid DNNAs were provided by the Center for Pharmacogenomics of Washington University. The siRNAs used to target the BNIP3L gene to suppress BNIP3L expression were synthesized by Genepharma. The recombinant adenoviruses were created by Genechem. NRCFs were infected with the adenoviruses at a titer of 100 PFUs/cell for 48 h at 37 °C as described previously.

Measurement of intracellular free Ca^2+^ (\[Ca^2+^\]~i~) {#Sec19}
--------------------------------------------------------

For the Ca^2+^ signal measurements, the cells were harvested, washed with PBS (pH 7.4) three times, incubated with Fura Red (2 μM) for 30 min at 37 °C in the dark and analyzed by flow cytometry (FACS Calibur, BD, USA) at baseline conditions. The concentration of intracellular free Ca^2+^ was recorded as the fluorescence intensity.

Immunofluorescence {#Sec20}
------------------

Frozen sections were fixed with pre-cooled acetone. CFs were fixed in 4% paraformaldehyde and permeabilized in 0.2% Triton X-100 in PBS. The sections were stained with anti-BNIP3L and anti-DDR2 antibodies and the CFs were stained with an anti-Smad2/3 antibody overnight at 4 °C and then with the appropriate secondary antibody for 2 h at 37 °C. The nuclei were stained with DAPI.

Co-immunoprecipitation {#Sec21}
----------------------

The cells were transfected with pcDNA3 or pcDNA3-BNIP3L. At 24 hours after transfection, the cells were collected and were resuspended in RIPA lysis buffer in the presence of a protease inhibitor cocktail. 500 μg of proteins was used for co-immunoprecipitation with the Protein A+G Agarose (Beyotime) according to the manufacturer's instructions. The eluted proteins were resolved by SDS-PAGE and evaluated using western blot analysis.

Statistical analysis {#Sec22}
--------------------

The data are expressed as mean as the means ± SEM. Comparisons were performed using Student's t test or ANOVA as appropriate. A P value of \<0.05 denoted statistical significance.
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